Abstract. Photometric observations of 74 asteroids obtained with the Carlsberg Automatic Meridian Circle between January 1990 and December 1993 are presented. The data from individual asteroid apparitions have been fitted by phase curves based on the standard HG magnitude system. Statistics on mean G-values for different types of asteroids are presented. A few new determinations of asteroid rotation periods are presented. In addition, we analyse magnitude-aspect relations, and derive ellipsoidal shape models for some asteroids.
Introduction
Brightness measurements at different solar phase angles have for long been one of the main sources of information constraining models of the surface micro-structure of Solar System bodies without atmospheres (Bowell et al. 1989; Hapke 1993) . Despite the overwelmingly richer information content in the close-up disk-resolved spaceprobe images of Gaspra and Ida (Helfenstein et al. 1994 and 1996) , broad phase curve surveys of many asteroids is still important in order to generalize to larger populations of minor bodies.
Previous surveys similar to this one have been published by Tedesco (1989) , Lagerkvist & Magnusson (1990) , and Lagerkvist et al. (1992) . The last of these will be referred to as Paper I, and the current paper can be regarded as a follow-up to it, with presentation of more recent observations.
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The physical interpretation of phase curves of asteroids typically are semi-empirical (Bowell et al. 1989; Hapke 1993) . Theories usually predict the effect of roughness, porosity and scattering inside the surface material. The number of physical parameters involved is often quite large and there is no way that a single phase curve can give unambigous values for all. When the albedo of the asteroid is low and the scattering is geometric the theoretical interpretation gives good approximations.
Observations
This paper is based on observations obtained with the Carlsberg Automatic Meridian Circle (CAMC), situated at Observatorio del Roque de los Muchachos, La Palma, Spain, and operated jointly by the Copenhagen University Observatory, the Royal Greenwich Observatory, and Real Instituto y Observatorio de la Armada en San Fernando. The original observations were published in tabular form in the Carlsberg Meridian Catalogue, No. 6-8.
The instrument is, of course, primarily intended for astrometry, but photometric results of variable quality are obtained as a by-product. After removal of data obtained during non-photometric conditions, the remaining data have a typical accuracy of 0.05 magnitudes for 12th magnitude point sources. This modest accuracy is due to short integration times and a small aperture. However, this is compensated for by a very good solar phase angle coverage and homogeneity from apparition to apparition.
Since the instrument is constrained to the meridian, observations of a given object repeat essentially every night at the same sidereal hour. For asteroids with significant rotational light variation and a synodic spin period nearly commensurate with a day, problems may arise.
The majority of the 74 minor planets in Carlsberg Meridian Catalogues Nos. 6-8 were selected for observation for the purpose of improving their orbits in association with the Hipparcos mission. These were scheduled every second night. Some of the minor planets analysed in this paper were observed with the primary purpose of obtaining photometry for physical studies, and these were scheduled every night from western quadrature, through opposition, to eastern quadrature.
Basic analysis
The published V -magnitudes (Carlsberg Meridian Catalogue, Nos. 6-8) were corrected to unit heliocentric and geocentric distances to obtain the reduced magnitude H(α):
where r and ∆ are the distances of the asteroid from the Sun and the Earth, respectively, and α is the solar phase angle.
In the standard HG magnitude system, as adopted at the IAU General Assembly in 1985 (Bowell et al. 1989) , the reduced magnitude is modeled by the relation:
which has two free parameters, the absolute magnitude H and the slope parameter G. The phase functions Φ 1 and Φ 2 are defined in Bowell et al. (1989) . The formulation is based on a semi-empirical-semi-theoretical analysis. No physical interpretation of the slope parameter G is tied to the HG-system, although it is clear that it is related to the albedo and the proportion of multiple-scattered light. In practice, the parameters H and G are not constants for an asteroid, but depend on the aspect angle, the obliquity angle, and the rotational phase. We take the first dependence into account by fitting Eq. (1) to the data from each apparition of the asteroid individually. This works quite well since the aspect angle is almost constant during an apparition for main-belt asteroids. Thus we get an HGpair for each asteroid and apparition. This is in contrast to Paper I in which the G-value was constrained to be a constant for each asteroid, independent of apparition.
We will ignore the obliquity-dependence since it is probably insignificant for the moderate solar phase angles for observations of main-belt asteroids.
The dependence on rotational phase is usually removed by averaging the magnitude over a rotation cycle in the observed lightcurve. Unfortunately, the nightly sampling rate of CAMC complicates this. For objects with a high lightcurve amplitude and a rotation cycle not comensurate with a day we have added a 2nd order Fourier series to HGsystem in order to take this into account. For practical reasons we iteratively fitted the solar phase dependence and the rotational phase dependence until it converged, instead of a single least-squares fit.
Lightcurves
As a by-product of the phase curve fitting described above we obtain the residual rotational variation. The resulting lightcurves, obtained by folding the data with the assumed or determined rotation period, show a clear signal only if the amplitude is quite high. Note that this method will not work well if changes of the synodic period causes phase shifts during the apparition that are a significant fraction of a rotation cycle. In addition, the problem associated with the strange sampling of the present data must be stressed.
We obtain the best lightcurves for the long-period asteroids (34) Circe and (97) Klotho (see Fig. 1 ). We also tried to calculate a period for (570) Kyhthera from the Carlsberg data, but we obtained no unique results. The period estimations of the lightcurve give fitting errors of only a few percent. This may be misleading in cases where aspect changes cause the synodic period to vary. However, the known periods for (16) Note that 27 Euterpe seems to have a linear phase curve and 28 Bellona may have a steep opposition spike. However, the data is not really good enough for that kind of detailed analysis periods from the Fourier-fitting are thus artifacts of the sparse data points, and thus the only reliable indicator of the goodness of fitting is the goodness of the produced lightcurve. The estimated rotation periods are presented in Table 1 .
Phase curves
The analysis gave over two hundred phase curves for 74 asteroids. We have studied them all graphically. In Fig. 2 we show four representative examples. The results are summarized numerically in Table 5 . A major problem with phase curve fitting is that for objects that do not follow closely the HG-law the determined H and G-value will depend on the solar phase angle range used.
The phase curves are quite linear in 15 cases out of 74 asteroids included in this study (see Fig. 2a for an example). For these the HG-fit is misleading and may predict non-existent physical properties. The linearity of the phase curve is most evident for (5) Astraea, (9) Metis, (12) Victoria, (27) Euterpe, (51) Nemausa, (88) Thisbe, (129) Antigone and (511) Davida. The linearity does not seem to depend much on taxonomic type.
Indications of opposition spikes, which could be caused by coherent backscatter of surface material (Muinonen 1990; Skhuratov & Muinonen 1991) , is evident for (28) Bellona, (37) Fides, (44) Nysa, (77) Frigga, (97) Klotho, (196) Philomela and och (349) Dembowska (see Fig. 2b for an example). Table 2 shows average slope parameters G for different taxonomic categories. Our data is in good agreement with previous results (Harris & Young 1988; Lagerkvist & Magnusson 1990; Lagerkvist et al. 1992) . Although the dispersion of G-values for individual taxonomic types is quite big the G-values is a useful indicator of the approximate albedo.
Aspect dependence
In addition to the HG-analysis presented here we have made exactly the same analysis for the 1984 to 1989 Carlsberg data. Combining the two data sets we get a 10-year coverage for some asteroids. This gives quite good statistics on how the phase curves change with opposition longitude. For asteroids with a known spin vector direction we can further compute the aspect angle of the observations. In this paper we define the aspect angle θ as the angle between the asteroid spin vector and the reverse of the phase angle bisector (PAB). Spin vectors were taken from the collection of spin vector determinations by Magnusson et al. (1994) . We used the first synthesis solution for each asteroid. Aspect angles for 23 of our current sample of asteroids were obtained in this way. We have looked at graphs of the dependence of H and G on the aspect angle θ for all these objects. Examples of the Hdependence are shown in Fig. 3 . Table 2 . Mean slope parameters G for different taxonomic groups ordered according to there albedo. For each group and reference, N is the number of asteroids included, < G > is the average G-value and "Disp" is the corresponding dispersion
Taxonomy
Harris and Lagerkvist and Paper I This paper Young (1988) Magnusson (1990 For objective analysis of these graphs we fit 2nd order Legendre series:
Light scattering is probably closest to the geometric approximation at zero solar phase. Therefore the modeled reduced magnitude H at α 0 = 0
• is usually used. However, in practice this value is obtained from extrapolation from observed solar phases, and thus sensitive to errors in the slope parameter G. In order to reduce this source of error we instead use the model magnitude at α 0 = 13
• , which is near the mean observed solar phase angle.
For most asteroids there are two symmetric spin vector solutions that both fit the observations equally well. If the second synthesis solution in Magnusson (1996) is choosen instead of the first one then approximately the same coefficients results, except that h 1 and g 1 have opposite sign.
H-dependence
The Legendre coefficients for 23 asteroids are presented in Table 3 . The tabulated error estimates are based on the quality of fit. The variations in H(13
• ) are probably due to changing geometrical cross-sections, and, to lesser extent, differences in average albedo at different latitudes on the asteroid surfaces. Non-zero coefficients h 1 are most naturally interpreted as differences in albedo on the northern and southern hemispheres. The second Legendre component is probably due mostly to polar flattening, as evident from the clear dominance of negative h 2 -values in Table 3 . However, differences in albedo between equatorial and polar regions may also contribute to h 2 . The Legendre coefficients are a natural way of descibing the light scattering, but most asteroid shape models take the form of tri-axial ellipsoids with axis-ratios a ≥ b ≥ c (Magnusson et al. 1989 ). These models are often based on extensive lightcurve photometry, with lightcurve amplitudes giving quite reliable ratios a/b. However, the b/c-ratios are often ill-defined because amplitudes give very model-dependent b/c-values and the absolute calibration of lightcurve photometry are often heterogenous. The Carlberg data have the opposite characteristics, i.e. homogenous absolute calibration and bad lightcurves, and they therefore complement standard photometry well. We therefore use a/b-ratios from other models as input, and compute b/c-ratios from the Carlsberg data.
The difference between the mean polar H-value and the equatorial H-value is H pol − H eq = 3 2 h 2 . By equating the corresponding brightness ratio, 10 − 2 5 (Hpol−Heq) , with Table 3 . A summary of the Legendre coefficients Asteroid h0 h1 h2 3 5.93 ± 0.05 +0.03 ± 0.08 −0.26 ± 0.19 4 3.74 ± 0.04 −0.09 ± 0.06 −0.31 ± 0.14 5 7.61 ± 0.05 +0.15 ± 0.10 −0.37 ± 0.36 7 6.37 ± 0.03 +0.12 ± 0.06 −0.24 ± 0.08 9 7.10 ± 0.07 −0.12 ± 0.14 −0.57 ± 0.14 10 6.21 ± 0.03 −0.01 ± 0.04 −0.01 ± 0.07 15 5.91 ± 0.07 −0.03 ± 0.07 −0.19 ± 0.16 16 6.70 ± 0.04 −0.04 ± 0.08 −0.37 ± 0.09 17 8.36 ± 0.02 +0.15 ± 0.04 −0.31 ± 0.06 19 7.98 ± 0.02 +0.06 ± 0.03 +0.21 ± 0.13 22 7.27 ± 0.07 +0.08 ± 0.12 −0.23 ± 0.24 29 6.58 ± 0.03 −0.02 ± 0.07 −0.10 ± 0.08 39 6.72 ± 0.03 +0.01 ± 0.06 −0.18 ± 0.09 44 7.53 ± 0.07 −0.16 ± 0.11 −0.06 ± 0.25 45 8.21 ± 0.04 +0.04 ± 0.07 −0.13 ± 0.11 51 8.02 ± 0.14 −0.09 ± 0.12 −0.57 ± 0.36 55 8.52 ± 0.02 +0.09 ± 0.03 −0.41 ± 0.04 63 8.02 ± 3.00 +0.31 ± 5.41 −0.80 ± 3.30 129 7.57 ± 0.07 +0.22 ± 0.12 −0.53 ± 0.20 216 6.40 ± 0.38 −2.63 ± 0.70 −1.85 ± 0.37 349 6.51 ± 0.02 −0.10 ± 0.03 −0.03 ± 0.03 354 6.97 ± 0.01 +0.01 ± 0.02 −0.16 ± 0.03 511 6.89 ± 0.05 −0.11 ± 0.06 +0.23 ± 0.09 the ratio between the area of the projection of the model along the spin axis, (πab), and the mean perpendicular cross-section, πc(a + b)/2, and solving for b/c, we obtain the approximate relation: Table 4 shows the axes ratios for the best cases where the errors are not too high. The accuracy seems to be similar to the dispersion of b/c-values from ordinary photometry (Magnusson, in preparation) . The number of apparitions is so low that a single bad phase curve can easily ruin the Legendre fit.
G-dependence
For most of the objects no significant variation of G-values were found to indicate any clear aspect dependence. In general the estimated errors in g 1 and g 2 are of the same order as the values themselves. We find, however, some indication of different G-values between the northern and southern hemispheres for the cases of (7) Iris and (16) Psyche, but this has to be confirmed by further observations. The latter case may confirm the finding by and that (16) Psyche is among the objects that have different albedos on the hemispheres.
In general the variations in G are probably associated with surface variegation, different compositional b/c b/c 7 1.23 ± 0.05 1.30 ± 0.10 1.26 ± 0.15 10 1.29 ± 0.05 0.90 ± 0.30 0.90 ± 0.09 16 1.30 ± 0.10 1.30 ± 0.10 1.48 ± 0.19 17 1.25 ± 0.10 1.40 ± 0.10 1.32 ± 0.12 19 1.24 ± 0.10 1.00 ± 0.10 0.66 ± 0.12 29 1.10 ± 0.10 1.10 ± 0.05 1.10 ± 0.13 39 1.47 ± 0.05 1.40 ± 0.20 1.07 ± 0.14 45 1.36 ± 0.05 1.40 ± 0.20 1.04 ± 0.15 55 1.29 ± 0.05 1.30 ± 0.10 1.57 ± 0.10 349 1.31 ± 0.05 1.12 ± 0.05 0.92 ± 0.04 354 1.21 ± 0.05 1.10 ± 0.10 1.14 ± 0.05 511 1.24 ± 0.05 1.12 ± 0.05 0.66 ± 0.08 and morphological surface areas, and global shape effects. However, we are perplexed by the clear dominance of negative g 2 -values, which is opposite to our expectations. To see why, let us consider equatorial lightcurves. These generally show a clear increase in lightcurve amplitude as the solar phase angle increases. Within the framework of triaxial models, with semi-axes a ≥ b ≥ c, this implies that the G-value measured along the a-axis (looking down at the point of highest curvature) is smaller than the G-value measured along the b-axis. We expected a continuation of this trend with even larger G-values when observing along the c-axis, which show the flat polar regions with the lowest curvature in the model. The result would have been positive g 2 -values.
Discussion
The Carlbserg Meridian Circle photometry is quite useful for doing coarse phase curve studies of asteroids. A weakness is that an object is measured only once per night. Good knowledge about the rotational light variation is required in order to subtract this variation and obtain good phase curves. A good property is the excellent range of solar phase angles, often covering a large part of the interval from 0
• to 30 • , which is more than one usually finds for manual photometric observations. Phase curves measured in the period 1990 to 1993 indicate that one should be careful in determining the physical properities of an asteroids if the range of phase angles is not high enough. The H and G-values are very sensitive to range and amount of data.
Finally axial ratio estimation of asteroid shapes is a new way to make Carslberg Meridian Circle data useful. The b/c-values obtained here have probable errors of about the same size as the dispersion in the values obtained from inversion of lightcurves. The shape determination would benefit from a few additional apparitions of data. Also, as more spin axis determinations become available a larger fraction of the CAMC observations will become useful for shape determination. 
